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Abstract: Background: The monitoring of bioaerosol concentrations in the air is a relevant endeavor
due to potential health risks associated with exposure to such particles and in the understanding of
their role in climate. In this context, the atmospheric concentrations of bacteria were measured
from January 2018 to May 2020 at Saclay, France. The aim of the study was to understand the
seasonality, the daily variability, and to identify the geographical origin of airborne bacteria.
Methods: 880 samples were collected daily on polycarbonate filters, extracted with purified water,
and analyzed using the cultivable method and flow cytometry. A source receptor model was used
to identify the origin of bacteria. Results: A tri-modal seasonality was identified with the highest
concentrations early in spring and over the summer season with the lowest during the winter
season. Extreme changes occurred daily due to rapid changes in meteorological conditions and
shifts from clean air masses to polluted ones. Conclusion: Our work points toward bacterial
concentrations originating from specific seasonal-geographical ecosystems. During pollution
events, bacteria appear to rise from dense urban areas or are transported long distances from their
sources. This key finding should drive future actions to better control the dispersion of potential
pathogens in the air, like persistent microorganisms originating from contaminated areas.
Keywords: bacteria; cultivable method; flow cytometry; source-receptor model; geographical
origin
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1. Introduction
Atmospheric Primary Biological Aerosol Particles (PBAPs) like pollen, fungal spores, bacteria
and viruses affect climate and have an impact on human health. For example, they can modify the
hydrological cycle due to their microphysical and chemical properties. They are also involved in
causing human and animal diseases due to their pathogenicity [1–5]. This is particularly true for
airborne bacteria which can act as Ice Nuclei (IN) [6–9], and induce severe diseases like pneumonia
or tuberculosis, when deposited in the upper respiratory tract [10–12]. One of the best-known
airborne disease agents is bacterium Bacillus anthracis. Despite its low occurrence (less than 5% of
bacteria found in the air), its mortality rate in the absence of treatment is up to 90 and even 100%
[13]. Due to their pathogenicity, bacteria are often monitored in various indoor environments like
farms, workplaces, houses, classrooms, public hospitals, and space habitats [14–17]. Long-term
studies reporting outdoor observations of bacterial concentrations are much scarcer in number, as
they require a lot of logistics and consumables, and are labor intensive. Data and knowledge are,
therefore, insufficient in this domain. Several climate-related studies have been performed over
several months to study the PBAPs seasonality, to understand the Cloud Condensation Nuclei
(CCN) and Ice Nuclei (IN) properties or biodiversity, or to investigate the impact of agricultural
activities and waste industry on the environment. Therefore, due to the multi-modal relevance of
this multidisciplinary science, ranging from observations to modeling, the investigation of long-term
atmospheric bacterial concentrations is needed [18–24]. Their seasonal biodiversity is also important
to understand as it allows us to determine their geographical origin and linkage to a specific source,
and also allows us to evaluate the dispersion processes involved [25–27]. This last point could
explain the occurrence of particular diseases within a specific ecosystem, in particular for bacteria
and virus due to their long redsidence time in the atmosphere [28].
In this context, different approaches have been used in the literature to collect and analyze the
bacterial concentrations in the air based on filtration, wet collectors, or electrostatic precipitation [29–
34]. Recently, in order to investigate the hourly variability of PBAPs, online measurements by
fluorescence methods have been developed and used in different environments [35,36].
Additionally, online detection and collection with automated wet cyclones were used to avoid
culture and laboratory work for species identification [37]. To date, these fluorescent methods have
limitations and suffer from artifacts without providing a clear characterization of the bioaerosol. At
the same time, the literature points out to a clear need to study the daily variability of PBAPs, and in
particular bacteria, to (1) understand what the key parameters driving their concentration in the air
are; (2) localize their geographical origins and characterize their transport pattern during pollution
events; and (3) assess their impact on the environment using different modeling approaches [38,39].
This article presents long term measurements of cultivable bacteria, the meteorological factors
controlling their variability in relation with pollen and fungal spores and their geographical origins
in Saclay, a suburban area of Paris. The results previously obtained from this site for pollen and
fungal spores demonstrated the relevance of the use of an onsite source model receptor, using local
meteorological data [40–42].
2. Materials and Methods
In this study, we have developed a methodology to collect airborne bacteria by filtration, in
order to determine their atmospheric concentration in the ecosystem of Saclay. We used the
cultivable technique as a first approach to characterize their seasonality. We also started to develop a
method by flow cytometry to have ancillary measurements to aid in the estimation of total
atmospheric bacteria concentration, which includes culturable, nonculturable, dead, or live bacteria.
Finally, we used a source model receptor to identify the geographical origin of airborne bacteria
impacting the observation site and validate our hypothesis.
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2.1. Description of the Observation Site
The Saclay SIRTA observatory is part of the European Research Infrastructure for the
observation of Aerosol, Clouds, and Trace Gases (EU-ACTRIS) made of observing stations and
exploratory platforms. The monitoring site is located at Saclay, France (48.7247° N, 2.1488° E), an
oceanic degraded environment impacted by marine and continental air masses, approximately 30
km in the southwest of Paris Megacity. It offers different atmospheric regims like background levels
with oceanique air masses and continental processed air masses. Moreover, the observatory is
regularly impacted by the polluted plume of Paris. The station stands on the top of a building 15 m
above the ground. Since 2014, it has been included in the French Network of Aerobiology
Monitoring (Réseau National de Surveillance Aérobiologique, RNSA). In 2014, it hosted the first
international intercomparison on bioaerosol detection methods intercomparison described in
[41,42]. As illustrated by Figure 1, the sampling site stands in a flat semi-rural area surrounded by
crops, forest, and small residential villages. All the standardized sampling inlets and instruments are
installed on the roof. The observatory provides full data sets of aerosols, bioaerosols, gases, and
meteorological parameters. The site is referenced as an ACTRIS topics center for the Aerosol
Chemical Monitoring Calibration Center (ACMCC) and all the details can be found in [43] and the
references therein.

Figure 1. The geographic location of the Saclay EU-ACTRIS Observatory.

2.2. Collection and Sample Analysis
This section presents the protocol used to study airborne bacterial concentrations. Daily
samples were collected from the 10th of January 2018 to 31th of May 2020 which represents 880
samples. It is well known that most bacteria in natural environments exist in a viable, although
non-cultivable state; 1% to 1.5% of the bacteria are thought to be cultivable. Therefore, it is difficult to
estimate bacterial concentrations in the air with culture methods alone. Nevertheless, such methods
do not affect the variability or biodiversity and provide robust data sets when it is associated with
other analytical techniques such as flow cytometry and DNA analysis [44–50].
2.2.1. Collection, Extraction and Culture Procedure
During the different BIOaerosol DETECTion (BIODETECT) campaigns, from 2014 to 2018,
several methods and types of filters were tested to collect airborne bacteria by filtration. The
objectives of these campaign in collaboration with the French Network of Aerobiology Monitoring
was to evaluate all the techniques which provide online detection, discrimination of bioaerosols
present in the air and their IN properties describe in [41,42] and the reference therein. Assuming
bacteria are attached to atmospheric Particulate Matter (PM) [51], the results pointed out that the best
compromise between collection duration and extraction efficiency adapted to the culture method was
to use polycarbonate filters instead of gelatin filters, to avoid desiccation during the 24-h sampling
[52].
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Bacteria were captured using an automatic sequential sampler SEQ47/50 from LECKEL (Berlin,
Germany), equipped with magazines loading up to 17 filter holders. This sampler is designed for
outdoor and indoor uses at all temperatures. This instrument complies with the PM10 and PM2.5
sampling standard CEN EN 12341. It was installed indoors just beneath the roof. The inlet line was a
3-m long stainless-steel tube for the collection of airborne particulate matter following the standard
CEN EN 14907. The head was capped with a standardized stainless type protection inlet, to prevent
rainwater from entering, and ran without a pre-selector in order to sample the Total Suspension
Particulate Matter (TSPM). The outdoor air was sampled at a flow rate of 2.3 cubic meters per hour
(38 L/min). The atmospheric particles were filtered every 24 h, from 00:00 to 23:59, on a 47-mm
polycarbonate membrane with a porosity of 8 microns (Nuclepore ™ Whatman, France). The
filtration surface on a 47-mm diameter filter placed in this type of filter holder is 1134 mm2, and the
calculated Face Velocity (FV) is 56.3 cm/s. The cut-off diameter has been estimated to be 0.8 +/− 0.2
µm following earlier studies of [53,54]. Before refilling with new filters, filter holders and magazines
were cleaned with ethanol and dried at room temperature. To control possible contaminations in the
magazine, a field blank was made every 15 days in and out from the filter holders. Samples were
removed once a week, and the membranes were removed from the filter holders and placed in
sterile 10 mL Falcon ™ centrifuge tubes (Corning Life Science, Villebon Courtaboeuf, France). The
dissolution of the particulate matter was done by adding 3 mL of ultrapure water treated with UV
(Thermo Scientific, Smart2 Pure 6 UV/UF, France), while the extraction was performed by vortexing
for 1 min at 3000 Rotations Per Minute (RPM), using a Vortex stirrer (Fisherbrand ™, ZX3, Villebon
Courtaboeuf, France). An aliquot of 100 µL was spread through a disposable sterile inoculation loop
(Thermo scientific, Steriline ™, Villebon Courtaboeuf, France) on a 90-mm-diameter Petri dish, filled
with 30 mL of a nutritive culture medium made of Tryptone Soy Agar (TSA) (Bacterial Flora, FLB,
S.A.S Axbiotec, Saint Clément les places, France) and an anti-fungal agent at a concentration of 1%
per volume (Amphotericin B, Sigma-Aldrich Chimie Sarl, St. Quentin Fallavier, France) in order to
inhibit yeast and mold growth. All the inoculation operations were done in positively pressurized
laboratory space and close to the sterile zone provided by a Bunsen burner. The inoculated Petri
dishes were placed in a bacteriological incubator (Memmert IF55+, Villebon Courtaboeuf, France) set
at 32 °C (+/− 1 °C) to provide the optimal growth conditions for atmospheric bacteria reported from
environmental observations [55–57]. Colony Forming Units (CFU) counts were performed at 24 and
48 h using a colony counter pen (VWR, Counter Pen™, Fontenay sous bois, France). The complete
procedure is illustrated in Figure 2.

Figure 2. From atmospheric bacteria collection to cultivable counting: (a,b) sampling, (c) recovery of
the filtrates in 3 mL of ultra-pure water, (d) extraction by stirring, (e) seeding on selective nutrient
medium and incubation, (f) counting of colonies.
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Atmospheric concentrations and standard deviation of airborne cultivable bacteria were
calculated after field blanks subtraction and sample reproducibility studies using the same culture
media. During the period of observation (from 10 January 2018 to 31 May 2020), 79 field blanks have
been analyzed: 73% of the blanks presented no contamination and 27% were positive where 17%
with one colony, 5% with two colonies and 5% with three colonies. Reproducibility was examined
on 28 inoculations from the same sample, at the same time, and led to a mean concentration of 10
colonies ± 2.6 colonies, following the Pearson Standard Deviation Calculation. Overall, it
represented a bias of 26% in the growing process. Thus, the results obtained for the blanks indicate
that the blanks were less of an influence on the final results compared to the bias (e.g., random
variability) due to plate spread and growing processes. Those results give confidence in the
sampling procedure established, and support that no external contamination from the filters holders
and magazines occurred. The overall uncertainty on the concentrations for our observations was
admitted to be ±26% colonies on counting.
2.2.2. Flow Cytometry Analysis of Atmospheric Samples
Flow cytometry is an instrumental technique which measures several optical and physical
parameters of particulate matter present in liquid suspension and excited by a laser beam. The
technique is widely used in medical and bacteriological laboratories to simultaneously analyze the
size and granularity of biological cells like bacteria in water or more complicated mixtures (soils,
lakes, seawater). The methodology is well described in the literature [58,59]. Briefly, this instrument
is composed of a microfluidic part to separate the particles present in a liquid flow, then, to place
them in a small detection chamber where they are excited by a laser beam. Light scattering and
fluorescence from the biological material are eventually measured by an optical system composed of
photomultipliers. The use of different types of dyes allows differentiating the population present in
the sample according to different particle types, hence refining the results. The different physical
parameters allow the flow cytometry technique to be able to precisely segregate a complex mixture
of bioparticles by size and by type, in a short time. The use of cell-permeating dye is generally used
to label bioparticles and bacteria [60–62]. In our study, we have applied this technique to calculate
total bacterial concentrations in atmospheric samples (Attune NxT, Thermofisher Scientific, Villebon
Courtaboeuf, France). After the extraction of our samples, described in Section 2.2.1, an aliquot of
500 µL was taken and filtered through a 5 µm filter to remove big particles of non-interest and
preserve the bacterial community which is typically in the range of 0.5 and 2 microns, sometimes up
to 5 µm when aggregated in the air [63]. Each sample was stained for 15 min with the
nucleic-acid-binding dye SYTO 9 (SY9) Live/Dead BacLight Bacterial Gram Assay 0.1% of SY9
(S34854, ThermoFisher Scientific, Villebon Courtaboeuf, France) and stirred before injection. To get a
better particle separation and the best possible sensitivity, a fraction of 100 µL out of the 500 µL was
analyzed three times at 25 µL/min.
To accurately quantify the concentration of total bacteria in our samples, we developed a
methodology of eight steps that deals well with the major inconvenience of this technique: the need
to isolate the background from the sample signal, particularly at low concentrations of bacteria. The
complete procedure is summarized in Table 1.
Table 1. Description of the procedure used for measurements with the flow cytometer Attune NxT.
Actions
Performance Test
Sanitize
5 µm Filtered Bacteria Sample with SY9
Sanitize
Ultra-Pure Water with SY9
Sanitize
5 µm Filtered Atmospheric sample with SY9
Sanitize

Steps
1
2
3
4
5
6
7
8

Function
Internal Instrument Verification
Microfluidic System Cleaning
Verifications or Adjustment of the PM
Microfluidic System Cleaning
Identification of the Background
Microfluidic System Cleaning
Identification and counting of total bacteria
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The flow cytometry technique is widely used to detect viable microorganisms in different
matrices, and particularly in drinking water. Our atmospheric samples were extracted in pure water
and led to 3 mL of the liquid sample containing organic, inorganic, soluble, and insoluble particulate
matter [54]. We assumed that the sample can be considered similar to rain in terms of osmotic
pressure; thus, the potential for osmotic shock is considerably reduced, and (1) avoids breaking of
the microorganism cells, while (2) preserves a maximum of viability and particularly cultivable
bacteria. The use of this technique in our sample allowed us to estimate the total atmospheric
bacterial concentrations without differentiating the metabolic conditions of the microorganisms. The
results of the first experiments showed that the unfiltered atmospheric samples were extremely
complex in terms of size, fluorescence, and microbial populations. The geometrical gates which
describe the populations found in the sample are often named by the letter R and associated with a
number and a color; here, five gates were identified as illustrated by Figure 3 and reported by the
authors of [64].

Figure 3. Microbial population distribution across unfiltered sample N411 (24 February 2019) and
N422 (7 March 2019) were where VL1-H (440/50) is the fluorescence emission from violet (405 nm)
laser, and BL3-H (695/40) is the fluorescence emission from the blue laser (488 nm). The combination
of these 2 fluorescence emission detectors gave the broadest population distribution.

During the optimization procedure, unfiltered and filtered samples were compared based on
different syringe pore sizes (from 0.1 to 5 µm) and validated with an injection of a mixture of
atmospheric bacteria obtained though the culture technique. Different single bacteria were injected
to validate the detection and syringe filtration procedure for the definitions of the gates, as
illustrated by Figure 4 and Figure A1
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(b)

Figure 4. Determination of the bacteria detection zone R1 (a) and (b) the associated population
counting isolated by the R1 gate, were SSC-H—SSC-H is the size scatter and BL1-H the fluorescence
induced by the blue laser.

To reduce the uncertainty on the identification and focus on the total bacterial concentrations,
all the samples were filtered with 5-µm syringe filters to preserve and highlight the bacteria signal.
The SY9 marker was added to aid in the separation of viable and non-viable bacteria counts [61].
This approach has been used by the authors of [48] to reduce the potential interferences to quantify
bacteria in atmospheric samples. To cover a large range of concentration and matrix complexity, the
optimization process was achieved on the filters collected during a winter pollution episode.
When comparing the cultivable method to the counting one, the best results for the estimation
of total bacterial concentration arose for the R3 yellow gate (Figure 5), and the population identified
in our samples is limited to this area. Therefore, the flow cytometry technique can be used to
estimate total bacteria in atmospheric samples after a complete optimization, from the injection
procedure to data treatment. The result obtained showed that, in our case, the cultivable technique
does correlate with the total bacterial concentrations present in the air, depending on viability and
the diversity present in the sample. The losses have been estimated to be in the range of 76.8% to
99.2% (Table A1) by comparing the counts obtained with the cultivable method and the counts
obtained with the flow cytometry method with R3 gate. Our results are in accordance with previous
reports made for different matrices [45]. The atmospheric bacterial concentrations obtained in our
case study, using the flow cytometry, are in accordance with observations performed in other
locations [65,66]. However, to date, observations mainly reflect large bacteria since some bacteria
counts are still missing due to the sample complexity and the presence of very small bacteria or
spores present in the background noise of flow cytometry. Therefore, refinement in the method has
to be considered in future works.
At this stage of the study, we know that the bacterial atmospheric concentrations are
underestimated due to the method: stress during filtration, resulting in a loss of cultivability. We
start to analyze the samples with the flow cytometry technique to have a first comparison point
before applying the 16sRNA method. The latter will be presented in a separate paper.
2.2.3. Geographical Origins of Total Airborne Bacteria Affecting Saclay
By coupling the ambient concentrations of bioaerosols with onsite measured wind data, it is
possible to retrieve the geographical origins of bacteria reaching the Saclay observatory.
Meteorological parameters were provided by the weather station WXT520 (Vaisala, Vantaa,
Finland). The measurements of Wind Speed (WS, km/h), Wind Direction (WD, Degrees),
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Temperature (T, °C), Relative Humidity (RH, %), cumulative rain (R, mm) were acquired every
minute. We considered a variant of the two-dimension Non-parametric Wind Regression (NWR),
originally developed by the authors of [67], then later adapted by the authors of [68] and designated
as the Sustained Wind Incidence Method (SWIM). Previous works have successfully applied this
method to determine the geographical origins of pollen and fungal spores [41,42]. Briefly, this
variant of NWR takes into account, on a daily basis, the standard deviation of the wind speed and
the wind direction.
Equation (1) describes the calculation of SWIM (Si ):
Ci ∙ Υi
δ�
(1)
Si =
∙
max (Ci ∙ Υi ) δi
where Ci, Υi, and δi, respectively, represent wind speed, wind direction, and wind direction standard
deviation. This actually allows downwind daily concentration values associated with high
atmospheric variability to be obtained during that day. Wind direction standard deviation was
estimated by the 1-pass Yamartino equations [69]. This entire study was performed with ZeFir-v3.7,
a user-friendly tool for wind analysis available online: https://sites.google.com/site/ZeFirproject.
3. Results
3.1. Seasonality of Cultivable Bacterial Concentrations at Saclay
Interestingly, three modes in the seasonal cycle were evident in our results. The minimum
concentrations of cultivable bacteria were found in winter conditions, from December to the end of
March (5 ± 1 CFU/m3, on average). The first peak appears in April–May (14 ± 3 CFU/m3, on average)
and a second peak in July (19 ± 4 CFU/m3, on average) and a third one in September (22 ± 5 CFU/m3,
on average). Noticeably, concentrations suddenly dropped in October–November (5 ± 1 CFU/m3, on
average), as shown in Figure 5.

Figure 5. Seasonality of airborne cultivable bacteria at Saclay from 10 January 2018 to 31 May 2020.

3.2. Daily Variability of Bacterial Concentrations at Saclay
Over the study period, we observed that the cultivable bacterial concentrations at Saclay could
be extremely variable from day to day, as presented in Figure 6. Strong daily variations were
particularly observed during the spring and summer seasons. For example, in 2018, concentrations
varied from 2 ± 1 to 22 ± 6 CFU/m3 between 2nd and 3rd April, respectively, and from 5 ± 1 to 50 ± 13
CFU/m3 between 7th July and the day after; that is a 10-fold increase in both cases. Similar daily
variability was also observed in 2019 (Figure 5). Surprisingly, a 7-day period revealed an interesting
pattern during winter 2019. A jump in daily bacterial concentrations was observed from 21th to 28th
February: from 4 ± 1 CFU/m3 the first day, to 34 ± 10, 19 ± 5, 21 ± 5, 22 ± 5, 19 ± 5, 21 ± 4, 7 ± 2 CFU/m3
the following days, respectively. The concentrations were indeed significantly above the mean value
for a winter period of 5 ± 1 CFU/m3. Moreover, a change in the shape and color was also observed
and correlated with a continental pollution event impacting the observatory. This pollution event
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displayed PM10 and PM2.5 concentrations above the standard European daily limits as illustrated
by Figure A2. The chemical composition of PM1 concentrations was characterized by an Aerosol
Chemical Speciation Monitor (ACSM), technical details in [43] and the references therein. The
instrument which was located at the observatory was indicating that a plume of pollution from Paris
was just followed by continental airmasses affecting the observation site.

Figure 6. Daily variability of airborne cultivable bacteria at Saclay. The dark circle highlights the
pollution episode from 21 February 2019 to 24 February 2019.

Those observations made at Saclay are in accordance with those previously reported elsewhere,
performed for short periods of time, and with a daily resolution only [70]. Therefore, further
investigations have been undertaken as to the best of our knowledge, the work here represents the
first data set with a continuous and daily resolution of bacterial concentrations over a multi-year
period. Moreover, during spring 2020 the concentrations increased by a factor 2.5 in average
compared to 2018 and 2019 due to exceptional hot weather conditions in France.
3.3. Geographical Origin of Bacterial Concentrations.
The 2-year dataset computed using ZeFir showed that the bacterial concentrations measured at
Saclay mainly originated from a large wind sector ranging from North-North East (NNE) to
East-South East (ESE). A large point source was identified within the ENE sector, associated with
moderate wind speeds between 12 km/h and 17 km/h, as shown by Figure 7. Neither the prevailing
South-West (SW) winds, nor the “wet” West (W) sector, which mostly carries maritime air masses,
appeared to not influence the atmospheric bacteria loads (Figure A3).

Figure 7. Main geographical origin of bacterial concentration impacting Saclay observatory. The
dotted white circles represent the wind speed scale in kilometer per hour (km/h), and the color grid
represents the origin of the highest estimated concentration for any wind speed and wind direction.
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4. Discussion
The simplicity of the used experimental procedure is one of the main reasons why culture
techniques are widely used, despite their limitations, which have been outlined above (i.e., a large
majority of viable bacteria are non-cultivable). This approach produces finely resolved data from a
complex environmental sample. Such data will be key in the investigation of the sources of potential
pathogens measured at the observation site over long time periods.
4.1. Seasonality and Comparisons of the Major Primary Bioaerosols Present at Saclay
This section investigates the variability in time of three major primary bioaerosols—Pollen,
fungal spores, and bacteria—Measured in the Total Suspended Particles (TSP) at the same place and
the same sampling height. Correlation between different bioaerosols provides insight into possible
common sources or atmospheric behavior. This approach was used by the authors of [50], who
showed different seasonal variation patterns suggesting that bacteria were associated with
particulate matter larger than 10 microns. PM > 10 is an aerosol size fraction, which is rarely reflected
in studies that generally consider 10 µm as the upper limit of interest. Yet, PM>10 may significantly
contribute to the structure of the entire airborne bacterial community.
Figure 8 plots the 12-month seasonal patterns produced by this dataset for bacteria, and from
our previous works for pollen and fungal spores [41,42]. Three modes in total are evident. A first
mode appears early in spring for bacteria and pollen. A more pronounced mode occurs in summer
for all bioaerosols, and then there is a third mode identifiable in autumn, which concerns bacteria
and fungal spores only. To our knowledge, according to the scarce literature based on long-term
observations, Saclay is the only site reporting a mode early in the spring for bacteria. It might be in
relation to the maximum of tree pollens concentrations and the meteorological conditions during the
early spring associated with sunny days and described in detail in [41,42]. Briefly, during early
spring there is an increase in leaf area (from trees), which provides a favorable biotope for the
growth and the multiplication of epiphytic bacteria such as Pseudomonas syringae. Afterwards, they
can be transported by the wind as well as pollen and subsequental be collected at the Saclay
observatory, as illustrated by Figure 7.
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Figure 8. Seasonal variations of Airborne Pollen grains (a), Airborne Fungal Spores (b), and Airborne
cultivable Bacteria (c) measured at Saclay observatory from 10 January 18 to 31 May 20.

We calculated the Annual cultivable Bacteria Integral (ABIn) at Saclay analogous with the
Annual Pollen Integral (APin), and Annual Fungal Spores Integral (AFSIn) recommended
nomenclature by the authors of [71]. The ABIn calculation resulted in 153.320 CFU/m3 for 2018 and
174.915 CFU/m3 for 2019 that is a 14% between the periods of observation. The APin and AFSIn for
the same periods were −40% and +4%, respectively, which suggests that the meteorological
parameters like rain, temperature, and sunshine have a direct effect on annual concentrations of the
major atmospheric bioaerosols from one year to the other.
4.2. Long-Term Observations and Identification of Potential Sources
Emissions of bacteria from inland surfaces have been estimated to be 30–50 Tg per year, while
the emissions by the oceans are several orders of magnitude smaller: 10 Mg per year [72,73]. Each
biosphere compartment has its specific sources and biological processes which explain such a
difference. The regional ecosystem of Saclay is characterized by large forests, crops, and big urban
areas nearby.
The early spring peak and the two summer maxima might be linked to regional and continental
sources of epiphytic bacteria associated with hardwood areas and largely due to the abundant
vegetation coverage that provides for leaf dwelling bacteria [49,74,75]. In this period of the year,
continental areas are subject to strong vertical air flux from the ground created by solar heating that
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can transport communities of small bacteria over long distances mixing all bioaerosol within the air
column [76,77]. Bacteria are expected to be eukaryotic species aggregated in clumps attached to
pollen, fungal spores, or plant debris. Indeed, our observation of Petri dishes exhibited large and
small various colonies regarding the size and the color (Figure A2). This is consistent with previous
studies that showed that larger particles contain a large proportion of cultivable bacteria. One
explanation could be that these bacteria were not in a spore state but in cell state and could be
extracted from the samples via simple vortexing rather than through sonication [78,79].
In autumn and winter, processes of decomposition in the soil increase fungal spore
concentrations as rain and even snow conditions intensify. Bacteria are expected to be prokaryotic
species originating from the soil, and resuspended by late agricultural activities such as harvesting and
then plowing. Well-known plant pathogens, like Pseudomonas, can be brought down to the soil
together with degraded leaves, thus may contribute to size of colony changes observed in the culture
method.
In this context, the air itself is expected to carry other types of bacteria, and the relationship
between bacteria and aerosol sources and chemical components is of interest. In particular, fossil
fuel and biomass burning emissions are high in cold seasons, and their consumption creates an
urban heat island phenomenon that has an artificial positive temperature bias. Among other human
activities, sustained road traffic in urban areas favors suspension and potential mixing of
prokaryotic bacteria [80]. Such processes may provide new surfaces and material for growing and
transporting atmospheric bacteria. At Saclay, very small size of cultivable bacteria was observed to be
associated with urban pollution events (Figure A2). This is consistent with [49,67] that reported: “Petri
dishes were primarily composed of small, single cultivable bacterial particles which usually occurred
during winter.”
It is interesting to note that the variability in concentration is increasing while the size of the
bioaerosols is decreasing (Figure 9) and that bacteria have also previously been positively correlated
with the sub-micron size particulate Organic Matter (OM) [28]. It calls for further studies of possible
relationships between aerosol chemical composition and the allergenicity or infectivity of some
pathogenic bacteria. The role of ammonium nitrate aerosols on the increase of nitrophilic bacteria
attached is of particular interest, as the atmosphere is itself a complex microbiome [81–83].

Figure 9. Variability of the three major airborne bioaerosols: Pollen grains (a), Fungal Spores (b), and
cultivable Bacteria (c) measured at Saclay observatory from (01 January 2018 to 31 May 2020).

4.3. Daily Variability, Meteorological Parameters, and Transport
Rain is often referenced to be a wet removal agent for bioaerosols [84]. However, more recent
work suggests that it may act as a trigger for their generation [85]. For instance, in summer 2019,
meteorological conditions were anticyclonic: low wind speed and instability in wind direction
(Figure A4). On a daily basis, the presence of short showers was negatively correlated with bacterial
concentration due to wet deposition, which is consistent with observations made by the authors of
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[86]. Interestingly, the increase of bacterial concentration and fungal spores concentrations appears
often just after the rain episode, as illustrated by Figure 10, which is consistent with observations
reported by the authors of [85]. Due to the source dependency and the mechanisms involved in the
dry and wet removal processes, also referred to as “splash” dispersal in the literature, the
concentrations observed are thought to be locally driven, rather than regionally or transported from
large-scale sources during the summer season [74,87,88].

Figure 10. Effect of a rain events (a), blue color in mm on atmospheric cultivable bacterial
concentrations (b),black color in CFU/m3 and fungal spores concentrations (c), orange color in
NB#/m3 during summer 2019 at Saclay.

Our observations also suggest that atmospheric concentrations of bacteria are strongly
source-dependent and that the role of the rain needs to be better understood. Wind direction,
temperature, and rain showers are the main drivers during the summer season, as reported by the
authors of [86,89]. In particular, some species undergo strong differences in growth following wet,
dry, or “splash” discharges. In order to better understand the effects of rainfall events on bacteria
diversity, abundance and dispersal processes, models need to integrate the nature, the type, the
abundance and the intensity of the rain shower in relation with the temperature, as well as the dew
point data at the finest time and space resolution possible [90–92].
To go further in the understanding of the daily variability of the bacterial concentration, we
investigated PM1 metrics from the ACSM. Since Saclay is impacted by both regional and continental
sources, bacterial concentrations were expected to be transported by different plumes. For example,
two equal levels of concentration in January 2020 (10 CFU/m3) were associated with wind directions
of NW, then N, and finally NE in less than three days. Background bacterial concentrations slowly
rose on the 21st, brought by ocean air masses, a first maximum starting the 21th a second relative
maximum occurred on the 25th, four days later. During this event, sulfate concentrations at Saclay
started to increase on the 22nd (data not shown), indicating that the site was impacted by continental
air masses. This episode illustrated how bacteria can be transported from a dense urban area like
Paris megacity (first peak attributed to the regional source of Paris) and from continental sources
(the second peak, processed air masses) in less than 5 days during the winter period (Figure A5). As
recently proposed by the authors of [93], the integration of chemical and biological data in aerosol
studies represents a new challenge in atmospheric sciences, and with this perspective, it will be
possible to gain a clearer and deeper comprehension of biogeochemical cycles.
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4.4. Factors Controlling the Seasonal Cycle of Airborne Bacterial Concentrations at Saclay
The literature reports that meteorological parameters such as temperature are a key driver for
the increase of atmospheric bacterial concentrations and that ambient PM can serve as support for
transport and growth of potential pathogens [94]. Our previous works on pollen and fungal spores
[41,42] brought us insights to model the seasonal cycle of bacteria at Saclay. Based on our
understanding of the impact of rainfall and temperature on bioaerosol concentrations, at different
scales (annual and daily variability), the monthly mean temperature was normalized by the monthly
sum of precipitation. We observed that temperature could be considered as the first key factor in
seasonality (R2 = 0.76, results from Table A2, Figure 11a and Figure A6a). Furthermore, normalizing
T (°C) by the sum of Rain (mm) could reasonably reproduce the seasonal cycle of cultivable bacterial
concentrations at Saclay with a satisfactory linear correlation coefficient (R2 = 0.84, Figure 11b and
Figure A6b) and better one by the use of a logarithmic fit (R2 = 0.91) and illustrated by Figure 11b and
Figure A6c.
(a)

(b)

Figure 11. (a) Monthly Sum of Bacterial Concentrations (Bars in CFU/m3) and Temperature (yellow
curve in °C) and (b) Monthly Sum of Bacterial Concentrations (Bars in CFU/m3) and
Temperature/Rain (yellow curve in °C/mm) from 10 January 2018 to 31 March 2020.

In the literature, the wet removal of ambient aerosol particles on short time scales cannot be
extrapolated to simulate short or long term observations. It is the differences between the chemistry
of inorganics and organics of the coarse mode and bioaerosols. Moreover, the way to analyze the
effect of rain on bioaerosol concentrations in stressed environments like the desert and the East part
of the Mediterranean is even more complicated. The water provided by rain is a limiting factor for
their growth, their re-suspension, and their dispersion.
4.5. Seasonal Geographical Origins of Bacteria Concentrations Measured at Saclay
The calculations using ZeFir from this 2-year dataset showed an interesting result regarding the
seasonal origin of bacterial concentrations (Figure 12). The source receptor model pointed out that
the main origin of bacteria located between the NE and the E sectors are completely independent of
the SW prevailing winds (Figure A3), which mostly carries humid marine air masses. During the
winter period, from December to February, atmospheric bacteria originated from the E sector,
associated with moderate winds from 5 to 12 km/h. During the spring season, from March to May,
the geographical origin was clearly from NE, associated with wind speeds in the range of 15 km/h,
indicating long-range transport. Regional sources were also evidenced within the N to E sectors.
In summer, model outputs indicate bacteria inputs from NW to SE, associated with wind
speeds from 5 to 15 km/h. This season is expected to exhibit more biodiversity from marine, urban
and inland species. In autumn, the origin is from NE to E with wind speeds from 15 to 20 km/h,
indicating long-range transport.
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Figure 12. Origin of total atmospheric bacteria using SWIM model Origin by seasons. The dotted
white circles represent the wind speed scale in kilometer per hour (km/h). The color grid represents
the estimated concentration (Nb#/m3) for any wind speed and wind direction. Winter: December–
January–February (DJF), Spring: March–April–May (MAM), Summer: June–July–August (JJA),
Autumn: September–October–November (SON).

Therefore, the origin of atmospheric bacteria measured at Saclay is mostly continental, which is
in accordance with what has been reported by the authors of [23,24]. The results of the model agree
very well with what has been observed by the authors of [95,96], both in terms of seasonality and of
daily variability. It underlines the strong capacity of the surrounding ecosystem to generate
epiphytic and telluric bacteria (see Figure A2). As a consequence, the results obtained suggest that
the expected biodiversity at Saclay will be correlated to specific origins, but also mixing processes, as
seasonal change, like vertical mixing in summer, reduced wind speed and bioaerosol transport [77].
This last point could have direct implications on the formation of the cloud cover, through their
CCN and IN properties, and the presence of summer thunderstorms. As described by the authors of
[97], the atmosphere can be considered as a strong “washing machine,” which mixes all sources from
bottom to top, and back to bottom. Recent works have highlighted that enrichment of bacterial
concentration in the PM2.5 could induce inflammation on allergic organisms [98]. Interestingly, the
allergic response followed by IgE from humans, in the megacity of Paris, may be linked to the
presence of some bacteria on aeroallergens (Pascal Poncet, Institut Pasteur personal
communication).
5. Conclusions
In the literature, approaches other than the culture technique have been used to quantify the
concentration of atmospheric microorganisms. Our study reports the bacterial atmospheric
concentrations using the cultivable method for the purpose of (1) developing an alternative analysis
method based on flow cytometry technique to estimate the total bacterial concentration in the air, (2)
understanding the atmospheric variability of cultivable bacterial concentration impacting a
suburban area of Paris and (3) applying a source receptor model in an attempt to identify their
geographical origins. Several cases studies served to investigate the link between bacterial
concentration compared with other parameters like pollen, fungal spores, meteorological data, or
pollution events. The seasonal variation of bacterial concentration exhibits a tri-modal pattern that
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was found in April-May, July, and September. The lowest concentrations were found to be in winter.
The tri-modal pattern was thought to be in relation to the seasonal cycle of pollen and fungal spores.
The daily variability was found to be mainly driven by wind direction, temperature, and rain
showers. Surprisingly, in winter, bacteria can be transported from dense urban cities and over long
distances if they are attached to other particles. Our study is based on more than 30 cultivable
atmospheric bacteria, among which, the majority was expected to be eukaryotic rather than
prokaryotic. Bacteria typically originated from NE to E direction, brought by moderate winds. Their
sources evolved from continental to regional and local from winter to summer. At this stage of our
study, the biodiversity have been analyze by analyzed by PCR (Polymerase Chain Reaction)
techniques to amplify the 16S rRNA (RiboNucleic Acid) gene followed by sequencing methods in
order to characterize the biodiversity of the bacterial community, under different air mass regimes.
The results are under interpretation and they will be compared with the culture and flow cytometry
techniques in a companion paper. As suggested by many authors, the bioaerosol science community
now needs long-term observations to better understand impacts of the land-use changes, the
reduction of anthropogenic emission and the effect of the global warming on airborne
microorganisms. concentrations
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Appendix A
Table A1. Total Bacteria counted in the 3 mL sample from the extraction of the atmospheric samples
where TB represents the Total Bacteria, R1, R2, R3, R4, R5 represent the different populations gates
identified.
Sample
N408
N409
N410
N411
N412
N413
N414
N415
N416
N417
N418
N419
N420
N423
N424
N425

Date
TB
R1
R2
R3
R4
R5
21 February 19 240 12,000 381,300 31,800 2400 1200
22 February 19 1850 34,500 553.8 46,800 450
450
23 February 19 580 7200 219,600 21,000 3900 5280
24 February 19 1150 7200 276,600 30,300 3000 13,500
25 February 19 1190 33,240 701,259 69,141 6321 20,760
26 February 19 760 41,940 563,820 55,839 5241 3921
27 February 19 540 36,699 486,519 33,399 4761 9159
28 February 19 300 9339 73,860 5241 1419 2520
1 March 19
130 2460 94,101 4059 960
381
2 March 19
150 1461 50,061 1959 1599 1599
3 March 19
100 8799 54,639 1821 1920 2541
4 March 19
200 4641 30,561 1320 741
921
5 March 19
460 4140 43,401 1980 180
180
8 March 19
20
2001 20,739 1161 381
420
9 March 19
110 1680 31,581 2601 201
159
10 March 19
420 6501 30,120 1311 459
141

TC CFU/m3
4
34
11
21
22
14
10
5
2
3
2
4
8
3
0
2

R3 CFU/m3
578
851
382
551
1257
1015
607
95
74
36
33
24
36
21
47
24

LOSSES%
99.2
96.0
97.2
96.2
98.3
98.6
98.4
94.3
96.8
92.3
94.5
84.8
76.8
86.2
99.2
91.6
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Table A2. Monthly means of Rain (mm), Temperature (°C) and sum of cultivable bacteria (CFU/m3)
from 1 January 2018 to 31 May 2020.

Month
January
February
March
April
May
June
July
August
September
October
November
December

Rain (mm)
167.1
63.7
113.3
63.8
157.5
148
23.9
81.7
35.8
82.6
142.9
133.9

T (°C)
5.5
4.8
7.9
12.5
14.3
19.6
22.2
20.4
16.4
12.1
6.7
5.6

CFU/m3
128.8
238.2
265.6
465.2
480.4
608.9
1064.0
750.8
1077.3
452.1
342.7
155.3

T/Rain (°C/mm)
0.07
0.14
0.13
0.38
0.18
0.26
1.34
0.39
1.32
0.24
0.09
0.07

Figure A1. Determination of the bacteria detection zone R1 (green frame) in full size where Syto9-H
is the range in the fluorescence signal.
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Figure A2. Colors and Shape of different culturable bacteria obtained at Saclay from different air
masses.

.
Figure A3. Prevailing wind directions affecting the Saclay observatory during the observation period
from 10 January 2018 to 31 May 2020.

Figure A4. Variability of Wind direction in Degrees° (orange curve) and culturable bacterial
concentrations in CFU/m3 (green curve) from 10 June 2019 to 23 September 2019.
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(a)

(b)
Figure A5. Variability of Wind direction in Degrees° (orange curve) and culturable bacterial
concentrations in CFU/m3 (green curve) (a) and (b) variability of non-sea salt sulfate (nss)
concentrations in µg/m3 (red curve) and culturable bacterial concentrations in CFU/m3 (black curve)
from 14 January 2020 to 02 March 2020.
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(a)

(b)

(c)
Figure A6. Linear regression of Temperature (°C) and CFU/m3 (a) and ratio Temperature/Rain and
CFU/m3 (b), logarithmic regression CFU/m3 and ratio Temperature/Rain and CFU/m3 (c).

References
1.

2.

3.

4.

5.
6.

Després, V.R.; Huffman, J.A.; Burrows, S.M.; Hoose, C.; Safatov, A.S.; Buryak, G.; Fröhlich-Nowoisky, J.;
Elbert, W.; Andreae, M.O.; Pöschl, U.; et al. Primary biological aerosol particles in the atmosphere: A
review. Tellus B Chem. Phys. Meteorol. 2012, 64, 15598, doi:10.3402/tellusb.v64i0.15598.
Fröhlich-Nowoisky, J.; Kampf, C.J.; Weber, B.; Huffman, J.A.; Pöhlker, C.; Andreae, M.O.; Lang-Yona, N.;
Burrows, S.M.; Gunthe, S.S.; Elbert, W.; et al. Bioaerosols in the earth system: Climate, health, and
ecosystem interactions. Atmos. Res. 2016, 182, 346–376, doi:10.1016/j.atmosres.2016.07.018.
Núñez, A.; Amo de Paz, G. : Rastrojo, A.; García, A.M.; Alcamí, A.; Gutiérrez-Bustillo, A.M.; Moreno, D.A.
Monitoring of the airborne biological particles in outdoor atmosphere. Part 1: Importance, variability and
ratios. Int. Microbiol. 2016, 1–13, doi:10.2436/20.1501.01.258.
Núñez, A.; Amo de Paz, G.; Rastrojo, A.; García, A.M.; Alcamí, A.; Gutiérrez-Bustillo, A.M.; Moreno, D.A.
Monitoring of airborne biological particles in outdoor atmosphere. Part 2: Metagenomics applied to urban
environments. Int. Microbiol. 2016, 69–80, doi:10.2436/20.1501.01.265.
Górny, R.L. Microbial aerosols: Sources, properties, health effects, exposure assessment—A review. Kona
Powder Part. J. 2020, 37, 64–84, doi:10.14356/kona.2020005.
DeMott, P.J.; Prenni, A.J.; Liu, X.; Kreidenweis, S.M.; Petters, M.D.; Twohy, C.H.; Richardson, M.S.;
Eidhammer, T.; Rogers, D.C. Predicting global atmospheric ice nuclei distributions and their impacts on
climate. Proc. Natl. Acad. Sci. USA 2010, 107, 11217–11222, doi:10.1073/pnas.0910818107.

Int. J. Environ. Res. Public Health 2020, 17, 6292

7.

8.

9.
10.
11.

12.

13.

14.

15.

16.

17.

18.
19.
20.
21.
22.
23.
24.

25.

26.

21 of 25

Delort, A.-M.; Vaïtilingom, M.; Amato, P.; Sancelme, M.; Parazols, M.; Mailhot, G.; Laj, P.; Deguillaume, L.
A short overview of the microbial population in clouds: Potential roles in atmospheric chemistry and
nucleation processes. Atmos. Res. 2010, 98, 249–260, doi:10.1016/j.atmosres.2010.07.004.
Morris, C.E.; Conen, F.; Alex Huffman, J.; Phillips, V.; Pöschl, U.; Sands, D.C. Bioprecipitation: A feedback
cycle linking Earth history, ecosystem dynamics and land use through biological ice nucleators in the
atmosphere. Glob. Chang. Biol. 2014, 20, 341–351, doi:10.1111/gcb.12447.
Delort, A.-M.; Amato, P. Microbiology of Aerosols; Delort, A.-M., Amato, P., Eds.; John Wiley & Sons:
Hoboken, NJ, USA, 2018; ISBN 978-1-119-13229-5.
Douwes, J.; Thorne, P.; Pearce, N.; Heederik, D.Bioaerosol Health Effects and Exposure Assessment:
Progress and Prospects. Ann. Occup. Hyg. 2003, 47, 187–200,doi:10.1093/annhyg/meg032.
Gao, M.; Jia, R.; Qiu, T.; Han, M.; Song, Y.; Wang, X. Seasonal size distribution of airborne culturable
bacteria and fungi and preliminary estimation of their deposition in human lungs during non-haze and
haze days. Atmos. Environ. 2015, 118, 203–210, doi:10.1016/j.atmosenv.2015.08.004.
Andualem, Z.; Gizaw, Z.; Bogale, L.; Dagne, H. Indoor bacterial load and its correlation to physical indoor
air quality parameters in public primary schools. Multidiscip. Respir. Med. 2019, 14, 2,
doi:10.1186/s40248-018-0167-y.
Holty, J.-E.C.; Bravata, D.M.; Liu, H.; Olshen, R.A.; McDonald, K.M.; Owens, D.K. Systematic Review: A
century of inhalational anthrax cases from 1900 to 2005. Ann. Intern. Med. 2006, 144, 270–280,
doi:10.7326/0003-4819-144-4-200602210-00009.
Lee, B.U.; Hong, I.G.; Lee, D.H.; Chong, E.-S.; Jung, J.H.; Lee, J.H.; Kim, H.J.; Lee, I.-S. Bacterial bioaerosol
concentrations in public restroom environments. Aerosol Air Qual. Res. 2012, 12, 251–255,
doi:10.4209/aaqr.2011.07.0097.
Norbäck, D.; Cai, G.-H. Microbial Agents in the Indoor Environment: Associations with Health. In Indoor
Environmental Quality and Health Risk toward Healthier Environment for All; Springer: Berlin, Germany, 2020;
pp. 179–198.
Mirhoseini, S.H.; Didehdar, M.; Akbari, M.; Moradzadeh, R.; Jamshidi, R.; Torabi, S. Indoor exposure to
airborne bacteria and fungi in sensitive wards of an academic pediatric hospital. Aerobiologia 2020, 36, 225–
232, doi.org/10.1007/s10453-020-09624-0.
Blachowicz, A.; Venkateswaran, K.; Wang, C.C.C. Persistence of Fungi in Atypical, Closed Environments:
Cultivation to Omics. In Methods in Microbiology; Elsevier: Amsterdam, The Netherlands, 2018; Volume 45,
pp. 67–86.
Schnell, R.; Vali, G. Biogenic ice nuclei: Part I. Terrestrial and marine sources. J. Atmos. Sci. 1976, 33, 1554–
1564.
Vali, G.; Christensen, M.; Fresh, R.; Galyan, E.; Maki, L.; Schnell, R. Biogenic ice nuclei. Part II: Bacterial
sources. J. Atmos. Sci. 1976, 33, 1565–1570.
Jones, B.L.; Cookson, J.T. Natural atmospheric microbial conditions in a typical suburban area. Appl.
Environ. Microbiol. 1983, 45, 919–934, doi:10.1128/AEM.45.3.919-934.1983.
Crane, S.; Moore, J.; Grismer, M.; Miner, J. Bacterial pollution from agricultural sources: A review. Trans.
ASAE 1983, 26, 858–866.
Shaffer, B.T.; Lighthart, B. Survey of culturable airborne bacteria at four diverse locations in Oregon:
Urban, rural, forest, and coastal. Microb. Ecol. 1997, 34, 167–177, doi:10.1007/s002489900046.
Burrows, S.M.; Elbert, W.; Lawrence, M.G.; Pöschl, U. Bacteria in the global atmosphere—Part 1: Review
and synthesis of literature data for different ecosystems. Atmos. Chem. Phys. 2009, 9, 9263–9280.
Burrows, S.M.; Butler, T.; Jöckel, P.; Tost, H.; Kerkweg, A.; Pöschl, U.; Lawrence, M.G. Bacteria in the global
atmosphere—Part 2: Modeling of emissions and transport between different ecosystems. Atmos. Chem.
Phys. 2009, 9, 9281–9297, doi:10.5194/acp-9-9281-2009.
Bowers, R.M.; McLetchie, S.; Knight, R.; Fierer, N. Spatial variability in airborne bacterial communities
across land-use types and their relationship to the bacterial communities of potential source environments.
ISME J. 2011, 5, 601–612, doi:10.1038/ismej.2010.167.
Kallawicha, K.; Lung, S.-C.C.; Chuang, Y.-C.; Wu, C.-D.; Chen, T.-H.; Tsai, Y.-J.; Chao, H.J. Spatiotemporal
distributions and land-use regression models of ambient bacteria and endotoxins in the greater Taipei area.
Aerosol Air Qual. Res. 2015, 15, 1448–1459, doi:10.4209/aaqr.2015.01.0036.

Int. J. Environ. Res. Public Health 2020, 17, 6292

27.

28.
29.
30.
31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

22 of 25

Tignat-Perrier, R.; Dommergue, A.; Thollot, A.; Magand, O.; Amato, P.; Joly, M.; Sellegri, K.; Vogel, T.M.;
Larose, C. Seasonal shift in airborne microbial communities. Sci. Total Environ. 2020, 716, 137129,
doi:10.1016/j.scitotenv.2020.137129.
Reche, I.; D’Orta, G.; Mladenov, N.; Winget, D.M.; Suttle, C.A. Deposition rates of viruses and bacteria
above the atmospheric boundary layer. ISME J. 2018, 12, 1154–1162, doi:10.1038/s41396-017-0042-4.
Tyler, M.; Shipe, E. Bacterial aerosol samplers: I. Development and evaluation of the all-glass impinger.
Appl. Microbiol. 1959, 7, 337–349.
Yang, C.S.; Heinsohn, P.A. Sampling and Analysis of Indoor Microorganisms; John Wiley & Sons: Hoboken,
NJ, USA, 2007.
Mainelis, G. Collection of airborne mcroorganisms by electrostatic precipitation. Aerosol Sci. Technol. 1999,
30, 127–144, doi:10.1080/027868299304732.
Roux, J.M.; Sarda-Estève, R.; Delapierre, G.; Nadal, M.H.; Bossuet, C.; Olmedo, L. Development of a new
portable air sampler based on electrostatic precipitation. Environ. Sci. Pollut. Res. 2016, 23, 8175–8183,
doi:10.1007/s11356-015-5522-3.
Haddrell, A.E.; Thomas, R.J. Aerobiology: Experimental considerations, observations, and future tools.
Appl. Environ. Microbiol. 2017, 83, e00809-17, doi:10.1128/AEM.00809-17.
Ferguson, R.M.W.; Garcia‐Alcega, S.; Coulon, F.; Dumbrell, A.J.; Whitby, C.; Colbeck, I. Bioaerosol
biomonitoring: Sampling optimization for molecular microbial ecology. Mol. Ecol. Resour. 2019, 19, 672–690,
doi:10.1111/1755-0998.13002.
Fennelly, M.; Sewell, G.; Prentice, M.; O’Connor, D.; Sodeau, J. Review: The use of real-time fluorescence
instrumentation to monitor ambient Primary Biological Aerosol Particles (PBAP). Atmosphere 2018 9, 1,
doi:10.3390/atmos9010001.
Huffman, J.A.; Perring, A.E.; Savage, N.J.; Clot, B.; Crouzy, B.; Tummon, F.; Shoshanim, O.; Damit, B.;
Schneider, J.; Sivaprakasam, V. Real-time sensing of bioaerosols: Review and current perspectives. Aerosol
Sci. Technol. 2020, 54, 465–495, doi: 10.1080/02786826.2019.1664724.
Cho, Y.S.; Kim, H.R.; Ko, H.S.; Jeong, S.B.; Kim, B.C.; Jung, J. Continuous surveillance of bioaerosols on-site
by
an
automated
bioaerosol
monitoring
system.
ACS
Sens.
2020.
5,
395–403,
doi:10.1021/acssensors.9b02001.
Li, X.; Cheng, X.; Wu, W.; Wang, Q.; Tong, Z.; Zhang, X.; Deng, D.; Li, Y. Forecasting of bioaerosol
concentration by a back propagation neural network model. Sci. Total Environ. 2020, 698, 134315,
doi:10.1016/j.scitotenv.2019.134315.
Gong, J.; Qi, J.; Beibei, E.; Yin, Y.; Gao, D. Concentration, viability and size distribution of bacteria in
atmospheric bioaerosols under different types of pollution. Environ. Pollut. 2020, 257, 113485,
doi:10.1016/j.envpol.2019.113485.
Petit, J.-E.; Favez, O.; Albinet, A.; Canonaco, F. A user-friendly tool for comprehensive evaluation of the
geographical origins of atmospheric pollution: Wind and trajectory analyses. Environ. Model. Softw. 2017,
88, 183–187, doi:10.1016/j.envsoft.2016.11.022.
Sarda-Estève, R.; Baisnée, D.; Guinot, B.; Petit, J.-E.; Sodeau, J.; O’Connor, D.; Besancenot, J.-P.; Thibaudon,
M.; Gros, V. Temporal variability and geographical origins of airborne pollen grains concentrations from
2015 to 2018 at Saclay, France. Remote Sens. 2018, 10, 1932, doi:10.3390/rs10121932.
Sarda-Estève, R.; Baisnée, D.; Guinot, B.; Sodeau, J.; O’Connor, D.; Belmonte, J.; Besancenot, J.-P.; Petit, J.-E.;
Thibaudon, M.; Oliver, G.; et al. Variability and geographical origin of five years airborne fungal spore
concentrations measured at Saclay, France from 2014 to 2018. Remote Sens. 2019, 11, 1671,
doi:10.3390/rs11141671.
Freney, E.; Zhang, Y.; Croteau, P.; Amodeo, T.; Williams, L.; Truong, F.; Petit, J.-E.; Sciare, J.; Sarda-Esteve,
R.; Bonnaire, N. The second ACTRIS inter-comparison (2016) for Aerosol Chemical Speciation Monitors
(ACSM): Calibration protocols and instrument performance evaluations. Aerosol Sci. Technol. 2019, 53, 830–
842.
Roszak, D.B.; Colwell, R.R. Survival strategies of bacteria in the natural environment. Microbiol. Rev. 1987,
51, 365–379, doi:10.1128/MMBR.51.3.365-379.1987.
Amann, R.I.; Ludwig, W.; Schleifer, K.H. Phylogenetic identification and in situ detection of individual
microbial cells without cultivation. Microbiol. Rev. 1995, 59, 143–169, doi:10.1128/MMBR.59.1.143-169.1995.

Int. J. Environ. Res. Public Health 2020, 17, 6292

46.

47.

48.
49.

50.

51.

52.

53.
54.

55.
56.

57.

58.
59.

60.
61.

62.

63.

23 of 25

Hoefel, D.; Grooby, W.L.; Monis, P.T.; Andrews, S.; Saint, C.P. Enumeration of water-borne bacteria using
viability assays and flow cytometry: A comparison to culture-based techniques. J. Microbiol. Methods 2003,
55, 585–597, doi:10.1016/S0167-7012(03)00201-X.
Peccia, J.; Hernandez, M. Incorporating polymerase chain reaction-based identification, population
characterization, and quantification of microorganisms into aerosol science: A review. Atmos. Environ.
2006, 40, 3941–3961, doi:10.1016/j.atmosenv.2006.02.029.
Tong, Y. Diurnal distribution of total and culturable atmospheric bacteria at a rural site. Aerosol Sci. Technol.
1999, 30, 246–254, doi:10.1080/027868299304822.
Tong, Y.; Lighthart, B. The annual bacterial particle concentration and size distribution in the ambient
atmosphere in a rural area of the Willamette Valley, Oregon. Aerosol Sci. Technol. 2000, 32, 393–403,
doi:10.1080/027868200303533.
Gandolfi, I.; Bertolini, V.; Bestetti, G.; Ambrosini, R.; Innocente, E.; Rampazzo, G.; Papacchini, M.; Franzetti,
A. Spatio-temporal variability of airborne bacterial communities and their correlation with particulate
matter chemical composition across two urban areas. Appl. Microbiol. Biotechnol. 2015, 99, 4867–4877,
doi:10.1007/s00253-014-6348-5.
Cahill, T.A.; Ashbaugh, L.L.; Barone, J.B.; Eldred, R.A.; Feeney, P.J.; Flocchini, R.G.; Goodart, C.; Shadoan,
D.J.; Wolfe, G.W. Analysis of respirable fractions in atmospheric particulates via sequential filtration. J. Air
Pollut. Control Assoc. 1977, 27, 675–678, doi:10.1080/00022470.1977.10470474.
Zhen, H.; Han, T.; Fennell, D.E.; Mainelis, G. Release of Free DNA by Membrane-Impaired Bacterial
Aerosols Due to Aerosolization and Air Sampling. Appl. Environ. Microbiol. 2013, 79, 7780–7789,
doi:10.1128/AEM.02859-13.
John, W.; Hering, S.; Reischl, G.; Sasaki, G.; Goren, S. Characteristics of nuclepore filters with large pore
size—II. Filtration properties. Atmos. Environ. 1983, 17, 373–382.
Sciare, J.; Oikonomou, K.; Cachier, H.; Mihalopoulos, N.; Andreae, M.O.; Maenhaut, W.; Sarda-Estève, R.
Aerosol mass closure and reconstruction of the light scattering coefficient over the Eastern Mediterranean
Sea during the MINOS campaign. Atmos. Chem. Phys. 2005, 5,2253–2265.
Stetzenbach, L.D.; Buttner, M.P.; Cruz, P. Detection and enumeration of airborne biocontaminants. Curr.
Opin. Biotechnol. 2004, 15, 170–174, doi:10.1016/j.copbio.2004.04.009.
Marchand, G.; Barette, M.-C.; Lesage, J. Dénombrement des bactéries et moisissures viables de l’air
prélevées
sur
filtre
de
polycarbonate
Available
online:
https://www.irsst.qc.ca/publications-et-outils/publication/i/100372/n/denombrement-des-bacteries-et-moi
sissures-viables-de-l-air-prelevees-sur-cassette-de-polycarbonate-methode-ma-368 (accessed on January
30 2020).
Dominique Baisnee, Roland Sarda‐Esteve, Francois Fenaille, Minh Thang Le, Jean Sciare, Iasonas
Stavroulas, Michel Thibaudon, Marc Peyraut, Christophe Bossuet. Fine Variability of Pollens, Fungal
Spores and Bacteria during Spring 2016 in Cyprus Island. 35th Annual Conference of American
Association for Aerosol Research(AAAR), Oregon Convention Center, October 17‐October 21,2016 Poster
8BA.11.
Adan, A.; Alizada, G.; Kiraz, Y.; Baran, Y.; Nalbant, A. Flow cytometry: Basic principles and applications.
Crit. Rev. Biotechnol. 2017, 37, 163–176, doi:10.3109/07388551.2015.1128876.
Etcheverry, S.; Etcheverry, S.; Faridi, A.; Ramachandraiah, H.; Kumar, T.; Margulis, W.; Laurell, F.;
Russom, A. High performance micro-flow cytometer based on optical fibres. Sci. Rep. 2017, 7, 5628,
doi:10.1038/s41598-017-05843-7.
Clarke, R.G.; Pinder, A.C. Improved detection of bacteria by flow cytometry using a combination of
antibody and viability markers. J. Appl. Microbiol. 1998, 84, 577–584, doi:10.1046/j.1365-2672.1998.00384.x.
Berney, M.; Hammes, F.; Bosshard, F.; Weilenmann, H.-U.; Egli, T. Assessment and interpretation of
bacterial viability by using the LIVE/DEAD BacLight kit in combination with flow cytometry. Appl.
Environ. Microbiol. 2007, 73, 3283–3290, doi:10.1128/AEM.02750-06.
Khan, M.M.T.; Pyle, B.H.; Camper, A.K. Specific and rapid enumeration of viable but nonculturable and
viable-culturable gram-negative bacteria by using flow cytometry. Appl. Environ. Microbiol. 2010, 76, 5088–
5096, doi:10.1128/AEM.02932-09.
Lighthart, B. The ecology of bacteria in the alfresco atmosphere. Fems Microbiol. Ecol. 1997, 23, 263–274,
doi:10.1111/j.1574-6941.1997.tb00408.x.

Int. J. Environ. Res. Public Health 2020, 17, 6292

64.

65.
66.

67.
68.
69.
70.
71.

72.

73.

74.
75.
76.
77.

78.

79.

80.

81.
82.

83.
84.

24 of 25

Negron, A.; DeLeon-Rodriguez, N.; Waters, S.M.; Ziemba, L.D.; Anderson, B.; Bergin, M.; Konstantinidis,
K.T.; Nenes, A. Using flow cytometry and light-induced fluorescence to characterize the variability and
characteristics of bioaerosols in springtime in Metro Atlanta, Georgia. Atmos. Chem. Phys. 2020, 20, 1817–
1838, doi:10.5194/acp-20-1817-2020.
Lighthart, B.; Shaffer, B.T. Viable bacterial aerosol particle size distributions in the midsummer atmosphere
at an isolated location in the high desert chaparral. Aerobiologia 1995, 11, 19–25.
King, M.D.; McFarland, A.R. Use of an Andersen bioaerosol sampler to simultaneously provide culturable
particle and culturable organism size distributions. Aerosol Sci. Technol. 2012, 46, 852–861,
doi:10.1080/02786826.2012.669507.
Henry, R.; Norris, G.A.; Vedantham, R.; Turner, J.R. Source region identification using kernel smoothing.
Environ. Sci. Technol. 2009, 43, 4090–4097.
Olson, D.A.; Vedantham, R.; Norris, G.A.; Brown, S.G.; Roberts, P. Determining source impacts near
roadways using wind regression and organic source markers. Atmos. Environ. 2012, 47, 261–268.
Yamartino, R.J. A comparison of several “single-pass” estimators of the standard deviation of wind
direction. J. Clim. Appl. Meteorol. 1984, 23, 1362–1366.
Lee, B.U.; Lee, G.; Heo, K.J. Concentration of culturable bioaerosols during winter. J. Aerosol Sci. 2016, 94, 1–
8.
Galán, C.; Ariatti, A.; Bonini, M.; Clot, B.; Crouzy, B.; Dahl, A.; Fernandez-González, D.; Frenguelli, G.;
Gehrig, R.; Isard, S.; et al. Recommended terminology for aerobiological studies. Aerobiologia 2017, 33, 293–
295, doi:10.1007/s10453-017-9496-0.
Elbert, W.; Taylor, P.E.; Andreae, M.O.; Pöschl, U. Contribution of fungi to primary biogenic aerosols in the
atmosphere: Wet and dry discharged spores, carbohydrates, and inorganic ions. Atmos. Chem. Phys. 2007, 7,
4569–4588, doi:10.5194/acp-7-4569-2007.
Spracklen, D.V.; Heald, C.L. The contribution of fungal spores and bacteria to regional and global aerosol
number and ice nucleation immersion freezing rates. Atmos. Chem. Phys. 2014, 14, 9051–9059,
doi:10.5194/acp-14-9051-2014.
Lindemann, J.; Upper, C.D. Aerial dispersal of epiphytic bacteria over bean plants. Appl. Environ. Microbiol.
1985, 50, 1229–1232, doi:10.1128/AEM.50.5.1229-1232.1985.
Lindow, S.E.; Brandl, M.T. Microbiology of the Phyllosphere. Appl. Environ. Microbiol2003, 69, 1875–1883.
Kellogg, C.A.; Griffin, D.W. Aerobiology and the global transport of desert dust. Trends Ecol. Evol. 2006, 21,
638–644, doi:10.1016/j.tree.2006.07.004.
Núñez, A.; Moreno, D.A. The differential vertical distribution of the airborne biological particles reveals an
atmospheric reservoir of microbial pathogens and aeroallergens. Microb. Ecol. 2020, 80, 322–333,
doi:10.1007/s00248-020-01505-w.
Bertolini, V.; Gandolfi, I.; Ambrosini, R.; Bestetti, G.; Innocente, E.; Rampazzo, G.; Franzetti, A. Temporal
variability and effect of environmental variables on airborne bacterial communities in an urban area of
Northern Italy. Appl. Microbiol. Biotechnol. 2013, 97, 6561–6570, doi:10.1007/s00253-012-4450-0.
Li, J.; Ahn, J.; Liu, D.; Chen, S.; Ye, X.; Ding, T. Evaluation of ultrasound-induced dmage to Escherichia coli
and Staphylococcus aureus by flow cytometry and transmission electron microscopy. Appl. Environ.
Microbiol. 2016, 82, 1828–1837, doi:10.1128/AEM.03080-15.
Cáliz, J.; Triadó-Margarit, X.; Camarero, L.; Casamayor, E.O. A long-term survey unveils strong seasonal
patterns in the airborne microbiome coupled to general and regional atmospheric circulations. Proc. Natl.
Acad. Sci. USA 2018, 115, 12229–12234, doi:10.1073/pnas.1812826115.
Horner-Devine, M.C.; Carney, K.M.; Bohannan, B.J.M. An ecological perspective on bacterial biodiversity.
Proc. R. Soc. Lond. B Biol. Sci. 2004, 271, 113–122, doi:10.1098/rspb.2003.2549.
Verhamme, D.T.; Prosser, J.I.; Nicol, G.W. Ammonia concentration determines differential growth of
ammonia-oxidising archaea and bacteria in soil microcosms. Isme J. 2011, 5, 1067–1071,
doi:10.1038/ismej.2010.191.
Smets, W.; Moretti, S.; Denys, S.; Lebeer, S. Airborne bacteria in the atmosphere: Presence, purpose, and
potential. Atmos. Environ. 2016, 139, 214–221, doi:10.1016/j.atmosenv.2016.05.038.
Jones, A.M.; Harrison, R.M. The effects of meteorological factors on atmospheric bioaerosol
concentrations—A review. Sci. Total Environ. 2004, 326, 151–180.

Int. J. Environ. Res. Public Health 2020, 17, 6292

85.

86.

87.
88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

25 of 25

Huffman, J.A.; Prenni, A.J.; DeMott, P.J.; Pöhlker, C.; Mason, R.H.; Robinson, N.H.; Fröhlich-Nowoisky, J.;
Tobo, Y.; Després, V.R.; Garcia, E. High concentrations of biological aerosol particles and ice nuclei during
and after rain. Atmos. Chem. Phys. 2013, 13, 6151–6164.
Uetake, J.; Tobo, Y.; Uji, Y.; Hill, T.C.J.; DeMott, P.J.; Kreidenweis, S.M.; Misumi, R. Seasonal changes of
airborne bacterial communities over Tokyo and influence of local meteorology. Front. Microbiol. 2019, 10,
1572, doi:10.3389/fmicb.2019.01572.
Butterworth, J.; McCartney, H.A. The dispersal of bacteria from leaf surfaces by water splash. J. Appl.
Bacteriol. 1991, 71, 484–496, doi:10.1111/j.1365-2672.1991.tb03822.x.
Gao, M.; Yan, X.; Qiu, T.; Han, M.; Wang, X. Variation of correlations between factors and culturable
airborne bacteria and fungi. Atmos. Environ. 2016, 128, 10–19, doi:10.1016/j.atmosenv.2015.12.008.
Li, Y.; Lu, R.; Li, W.; Xie, Z.; Song, Y. Concentrations and size distributions of viable bioaerosols under
various weather conditions in a typical semi-arid city of Northwest China. J. Aerosol Sci. 2017, 106, 83–92,
doi:10.1016/j.jaerosci.2017.01.007.
Walklate, P.; McCartney, H.; Fitt, B.D. Vertical dispersal of plant pathogens by splashing. Part II:
Experimental study of the relationship between raindrop size and the maximum splash height. Plant
Pathol. 1989, 38, 64–70.
Lovell, D.J.; Parker, S.R.; Van Peteghem, P.; Webb, D.A.; Welham, S.J. Quantification of Raindrop Kinetic
Energy for Improved Prediction of Splash-Dispersed Pathogens. Phytopathology 2002, 92, 497–503,
doi:10.1094/PHYTO.2002.92.5.497.
Pruvost, O.; Boher, B.; Brocherieux, C.; Nicole, M.; Chiroleu, F. Survival of Xanthomonas axonopodis pv. citri
in leaf lesions under tropical environmental conditions and simulated splash dispersal of inoculum.
Phytopathology 2002, 92, 336–346, doi:10.1094/PHYTO.2002.92.4.336.
Innocente, E.; Squizzato, S.; Visin, F.; Facca, C.; Rampazzo, G.; Bertolini, V.; Gandolfi, I.; Franzetti, A.;
Ambrosini, R.; Bestetti, G. Influence of seasonality, air mass origin and particulate matter chemical
composition on airborne bacterial community structure in the Po Valley, Italy. Sci. Total Environ. 2017, 593–
594, 677–687, doi:10.1016/j.scitotenv.2017.03.199.
Wei, M.; Xu, C.; Xu, X.; Zhu, C.; Li, J.; Lv, G. Characteristics of atmospheric bacterial and fungal
communities in PM2.5 following biomass burning disturbance in a rural area of North China Plain. Sci.
Total Environ. 2019, 651, 2727–2739, doi:10.1016/j.scitotenv.2018.09.399.
Bowers, R.M.; Clements, N.; Emerson, J.B.; Wiedinmyer, C.; Hannigan, M.P.; Fierer, N. Seasonal variability
in bacterial and fungal diversity of the near-surface atmosphere. Environ. Sci. Technol. 2013, 47, 12097–
12106, doi:10.1021/es402970s.
Tignat-Perrier, R.; Dommergue, A.; Thollot, A.; Keuschnig, C.; Magand, O.; Vogel, T.M.; Larose, C. Global
airborne microbial communities controlled by surrounding landscapes and wind conditions. Sci. Rep. 2019,
9, 14441, doi:10.1038/s41598-019-51073-4.
De Leon-Rodriguez, N. Microbes in the Atmosphere: Prevalence, Species Composition, and Relevance to
Cloud
Formation—Georgia
Institute
of
Technology
August
2015.
Available
online:
https://smartech.gatech.edu/handle/ (accessed on 20 April 2020).
Zheng, X.-Y.; Tong, L.; Shen, D.; Yu, J.-E.; Hu, Z.-Q.; Li, Y.-J.; Zhang, L.-J.; Xue, E.-F.; Tang, H.-F. Airborne
bacteria enriched PM2. 5 enhances the inflammation in an allergic adolescent mouse model induced by
Ovalbumin. Inflammation 2020, 43, 32–43, doi:10.1007/s10753-019-01071-5.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

